Introduction
Strain MPOB T (DSM 10017) is the type strain of Syntrophobacter fumaroxidans [1] , which is one of the four described species within the genus of Syntrophobacter [2] . The type species of the genus Syntrophobacter is Syntrophobacter wolinii (DSM 2805) [2, 3] . Strain MPOB T is currently the beststudied species in the genus Syntrophobacter. The genus name derives from the Greek words "syn", together with "troph", one who feeds, and "bacter", rod shaped, referring to a rod-shaped bacterium growing in syntrophic association with hydrogenand formate-scavenging microorganisms [1] . The species epithet derives from the Latin word "fumaricum" pertaining to fumaric acid and the Latin adjective "oxidans", oxidizing, referring to fumarate fermentation. Strain MPOB T was isolated from granular sludge of a mesophilic upflow anaerobic sludge blanket (UASB) reactor, treating waste from a sugar refinery [1] . All currently identified syntrophic propionateoxidizing bacteria are affiliated either with the class Deltaproteobacteria within the phylum Proteobacteria [4] , to which Syntrophobacter belongs, or the class Clostridia within the phylum Firmicutes [5] [6] [7] . Many of the Syntrophobacter spp. are able to use sulfate as the electron acceptor for propionate oxidation and some other organic compounds and hydrogen [4, 8] . In addition, they can grow by fermentation of pyruvate and fumarate. Smithella propionica is phylogenetically related to the genus Syntrophus [9] but lacks the ability to reduce sulfate. It also uses a different pathway to oxidize propionate distinct from that used by Syntrophobacter Standards in Genomic Sciences strains, which one that possibly involves a sixcarbon intermediate. It can also grow on crotonate in pure culture [9, 10] . Here we describe the features of Syntrophobacter fumaroxidans strain MPOB T together with the complete genome sequence and annotation.
Classification and features
Cells of S. fumaroxidans strain MPOB T are short rods with rounded ends of 1.1-1.6 ×1.8-2.5 µm ( Figure 1 and Table 1 ). Cells are Gram-negative, non-motile, and do not form endospores. The metabolism is strictly anaerobic and can be respiratory or fermentative [2, 4] . The temperature range for growth is 20-40°C (optimum at 37°C). Strain MPOB T utilizes propionate syntrophically via the methylmalonyl-CoA pathway in co-culture with the hydrogen and formate-utilizing methanogen, M. hungatei, and in pure culture using sulfate or fumarate as an electron acceptor [21, 22] . In these cases, propionate is converted stoichiometrically to acetate and CO 2 with concomitant production of methane, sulfide or succinate, respectively [1, 22] . Thiosulfate also serves as an electron acceptor, but nitrate is not utilized. Strain MPOB T ferments fumarate to succinate and CO 2 using the acetyl-CoA cleavage pathway [22] , and reduces fumarate to succinate with hydrogen or formate as the electron donor [21, 23] . Figure 2 shows the phylogenetic neighborhood of S. fumaroxidans strain MPOB T in a 16S rRNA genebased tree. This tree shows that these Gramnegative syntrophic propionate oxidizers form one cluster within the family of Syntrophobacteraceae of the order Syntrophobacterales. All propionate-degrading bacteria from the order Syntrophobacterales are capable of propionate degradation in syntrophic coculture with a syntrophic partner but also as a pure culture coupled to dissimilatory sulfate reduction [8] . The physiological and genomic data on microorganisms capable of syntrophy from the Syntrophobacterales, which are abundantly present in methanogenic environments [25] [26] [27] [28] , indicate that all have retained their sulfate-reducing capability [22, 29, 30] . Syntrophobacterales contains sulfate-reducing species that are capable of syntrophy, and growth by sulfate reduction, as well as species capable of syntrophy that contain the bisulfite reductase genes (dsrAB), but are not capable of reducing sulfate; indicating an evolutionary connection between the sulfate-reducing and syntrophic lifestyles [8] . The syntrophic species in the Syntrophobacterales can be divided in two groups based on their ability to reduce sulfate or not, which suggests an evolutionary connection between the sulfate-reducing and syntrophic lifestyles [8] . Phylum Proteobacteria TAS [13] Class Deltaproteobacteria TAS [14, 15] Current classification Order Syntrophobacterales TAS [14, 16] Family Syntrophobacteraceae TAS [14, 17] Genus Syntrophobacter TAS [3, 18, 19] Species Syntrophobacter fumaroxidans TAS [1] Type strain MPOB TAS [1, 2] Gram stain Negative TAS [1] Cell [20] . If the evidence code is IDA, then the property was directly observed for a live isolate by one of the authors or an expert mentioned in the acknowledgements. 
Genome sequencing and annotation

Genome project history
This organism was selected for sequencing on the basis of its syntrophic and sulfate-reducing lifestyles and its phylogenetic position, and is part of the Microbial Genome Program (MGP) and the Genomes to Life (GTL) Program. The genome project is deposited in the Genomes OnLine Database [Gc00453] and the complete genome sequence (CP000478) is deposited in GenBank. Sequencing, finishing and annotation were performed by the DOE Joint Genome Institute (JGI). A summary of the project information is shown in Table 2 . 
Growth conditions and DNA isolation
S. fumaroxidans MPOB T was grown at 37 o C in anaerobic bicarbonate buffered mineral salts medium as was described previously [23] . High molecular weight genomic DNA was isolated from 2 -2.5 g concentrated cell pellets using the CTAB method recommended by Joint Genome Institute (JGI), which can be found at the JGI website [32] .
Genome sequencing and assembly
Syntrophobacter fumaroxidans genomic DNA was sequenced at JGI using a combination of 3 kb, 8 kb and 40 kb DNA libraries. All general aspects of library construction and sequencing performed at the JGI can be found at the JGI website [32] . The Phred/Phrap/Consed software package [33] was used to assemble all three libraries and to assess quality [34] [35] [36] . Possible misassemblies were corrected, and gaps between contigs were closed by editing in Consed, custom primer walks or PCR amplification (Roche Applied Science, Indianapolis, IN). The error rate of the completed genome sequence of S. fumaroxidans is less than 1 in 50,000. Pair-wise graphical alignments of whole genome assemblies (e.g. synteny plots) were generated by using the MUMmer system [37, 38] .
Genome annotation
Automated gene prediction was performed by using the output of Critica [39] complemented with the output of the Generation and Glimmer models [37] . The predicted CDSs were translated and used to search the National Center for Biotechnology Information (NCBI) nonredundant database, UniProt, TIGRFam, Pfam, PRIAM, KEGG, COG, and InterPro databases. Additional gene prediction analysis and functional annotation was performed within the Integrated Microbial Genomes-Expert Review platform [40] .
Genome properties
The genome is 4,990,251 bp long and contains one circular chromosome with a 59.95% GC content ( Figure 3 ). Of the 4,179 genes predicted, 4,098 were protein coding genes, 81 RNAs and 34 pseudogenes. A total of 67.2% of the genes were assigned a putative function while the remaining ones were annotated as hypothetical proteins. The properties and the statistics of the genome are summarized in Table 3 . The distribution of genes into COGs functional categories is presented in Table 4 . In another comparison, the best BLAST hit to any microbial gene was determined ( Figure 5 ) and showed only 306, 209, and 186 closest hits to the genomes of D. alkenivorans AK-01, S. aciditrophicus SB, and Desulfarculus baarsii DSM 2075, respectively. Interestingly, no archaeal genomes were identified that suggest the possibility of lateral gene transfer events from these potential syntrophic partners. However, a recent study using an experimental approach and a different bioinformatic platform, the STRING database, which includes known and predicted protein-protein interactions [41, 42] , discovered that a gene set present in syntrophic bacteria such as Pelobacter carbinolicus, S. fumaroxidans, Syntrophomonas wolfei, and Syntrophus aciditrophicus, tended to be clustered with their homologues in archaeal genera, and they were rooted on archaeal species in the constructed phylogenetic trees. This suggests that they were horizontally transferred from archaeal methanogens [43] . Gene products for this gene set are hypothetical.
Comparison to other genomes
Carbon flow and electron transfer
The genome of S. fumaroxidans contains genes predicted to encode enzymes that are necessary for the conversion of propionate to acetate and carbon dioxide by the methylmalonyl-CoA pathway ( Figure  6 ). Propionyl-CoA:acetate HSCoA transferase (Sfum_3933) is present as part of a gene cluster encoding several presumably redox active proteins. Two genes annotated as electron transfer flavoprotein (ETF) alpha subunits (Sfum_3928-29) and a gene annotated as an ETF beta subunit (Sfum_3930) are part of this gene cluster, as are genes for a putative hydroxylase (Sfum_3932) and an acyl-CoA dehydrogenase (Sfum_3931). Additionally, a gene annotated as an FAD-dependent oxidoreductase (Sfum_3927) and one encoding a 4Fe-4S ferredoxin-binding domain (Sfum_3926) are part of this gene cluster. Genes predicted to encode a sigma 54-dependent transcriptional regulator (Sfum_3934) and a protein belonging to the major facilitator superfamily (MFS) flank this gene cluster upstream and downstream, respectively. Propionyl-CoA is converted first to (S)-methylmalonyl-CoA and then to (R)-methylmalonyl-CoA by methylmalonyl-CoA epimerase (Sfum_0455), which is part of a two-gene cluster and pairs with a gene predicted to code for an ATP-dependent amino acid transport protein (Sfum_0456). This gene cluster appears immediately downstream of a twogene cluster predicted to encode methylmalonylCoA mutase (Sfum_0457-8). Sfum_1223 may encode a carboxyltransferase involved in cycling carbon dioxide between the decarboxylation of oxaloacetate and the carboxylation of propionyl-CoA to form methylmalonyl-CoA. Methylmalonyl-CoA mutase (Sfum_0457-8) then converts methylmalonyl-CoA to succinyl-CoA. Removal of the CoA group is presumably accomplished by a succinyl-CoA synthetase (Sfum_1702-03), which forms succinate coupled to ATP formation from ADP and phosphate.
Succinate is then further oxidized to fumarate by a membrane-bound succinate dehydrogenase/fumarate reductase. Succinate oxidation via a menaquinone to fumarate is the most energy dependent reaction in the methyl-malonyl-CoA pathway propionate degradation to acetate in S. fumaroxidans. Succinate oxidation via menaquinone is endergonic since the midpoint potential of succinate is more positive (+30 mV) than the menaquinone (-80 mV). Therefore, the reaction requires a transmembrane proton gradient to function. Schink [44] calculated that about 0.66 ATP has to be invested to make this reaction energetically possible at a hydrogen partial pressure of1Pa and formate concentrations of 10 μM, which can be maintained by methanogens in a syntrophic community. The genome of S. fumaroxidans contains four gene clusters sdhABC (Sfum_1998-2000) , frdABEF (Sfum_4092-4095), sdhAB-1 (Sfum_0172-0174) and sdhAB-2 (Sfum_2103-2104) with sequence similarity to succinate dehydrogenases or fumarate reductase. S. fumaroxidans might use separate enzymes for succinate oxidation and fumarate reduction. During growth with propionate plus fumarate, S. fumaroxidans needs an active fumarate reductase, whereas during growth with propionate plus sulfate, or during syntrophic growth on propionate an active succinate dehydrogenase is required [21] .
In S. fumaroxidans, the gene cluster sdhABC (Sfum_1998-2000) codes for two cytoplasmic subunits (sdhA and B) and a five-trans-membrane (5TM) subunit containing heme (sdhC) which is similar to the type B trans-membrane subunit of Wolinella succinogenes Frd and Bacillus subtilis Sdh 
Standards in Genomic Sciences
The gene cluster frdABEF (Sfum_4092 -4095) of S. fumaroxidans lacks a gene coding for the transmembrane subunit and is therefore classified as a type E Frd [45] . The type E succinate:quinone oxidoreductases differ from the other four types in that they do not contain heme and have two hydrophobic subunits, SdhE and SdhF. Rather, the type E succinate:quinone oxidoreductases are more similar to those in cyanobacteria (Synechocystis) and the heterodisulfide reductases from methanogens such as Methanocaldococcus jannaschii (formerly known as Methanococcus jannaschii) [46] . Like other gene clusters coding for E-type Frds, frdABEF contains frdE that codes for a cysteine-rich domain involved in cytochrome binding and membrane attachment [46] . The function of the protein encoded by frdF is unknown [46] [45] . Transmembrane proton transfer may occur through cytochromes for which a variety of genes are present in the genome: cytcb561 (Sfum_0090-91); cytc 3 (Sfum_4047); cydAB-1 (Sfum_3008-09); cydAB-2 (Sfum_0338-39); cytb5 (Sfum_3227); cytb (Sfum_2932).
The fourth gene cluster is sdhAB-2 (Sfum_2103-04). These genes are part of a larger gene cluster that contains genes predicted for aconitase (Sfum_2106), citrate synthase (Sfum_2105), fumarase (Sfum_2102) and a ubiquinone prenyl transferase (Sfum_2101). These enzymes most likely function to supply biosynthetic intermediates. A 348 bp hypothetical protein (Sfum_2100) was also detected as part of this gene cluster. The next step is the hydroxylation of fumarate forming malate (Figure. 6 ). Two genes for fumarase were detected in the genome. As discussed previously, a fumarase-encoding gene (Sfum_2102) is a part of a gene cluster containing aconitase, citrate synthase, succinate dehydrogenase and ubiquinone prenyl transferase encoding genes. A second fumaraseencoding gene (Sfum_2336) does not appear to be part of a gene cluster.
Malate is oxidized to oxaloacetate by malate dehydrogenase (Sfum_0460) and oxaloacetate is decarboxylated to pyruvate by pyruvate carboxyltransferase (Sfum_0461, 0676). The decarboxylation of oxaloacetate to pyruvate is concomitant with a carboxyl transfer reaction to form methylmalonyl-CoA from propionyl-CoA (Sfum_1223). Acetyl-CoA is formed from pyruvate by pyruvate ferredoxin oxidoreductase (Sfum_2792-95) and the CoA moiety is recycled to activate propionate to propionyl-CoA. Acetyl-CoA could also be converted to acetyl-phosphate and acetate by phosphotransacetylase and acetate kinase encoded by Sfum_1472-73. Formation of acetate from acetylphosphate could result in ATP synthesis by substrate-level phosphorylation. However, when strain MPOB T was grown on propionate, the activity of this enzyme was below detection level, suggesting that acetate was formed exclusively via an acetyl-CoA: propionate HS-CoA transferase [22] .
Taken together, the genome reveals a complete set of genes for the conversion of propionate to acetate and carbon dioxide by the methylmalonyl-CoA pathway. Also present are genes and gene clusters for electron transfer from the key carbon oxidation steps leading to hydrogen and formate formation when S. fumaroxidans grows syntrophically ( Figure.  6 ). These include the previously discussed fumarate reductase for quinone reduction from succinate. Menaquinol would then, ostensibly, shuttle electrons to a membrane-bound formate dehydrogenase (carbon dioxide reductase) (Sfum_0030-1) or hydrogenase complexes (Sfum_2220-22 and Sfum_2713-16). No formate dehydrogenase genes with transmembrane helices were predicted. However, several genes coding for cytochromes were detected in the genome, which do not appear to be part of larger gene clusters. These cytochromes may provide a platform for formate dehydrogenase subunits to receive electrons from the menaquinol pool. In addition, the cytochromes may also play a role in sulfate reduction, similar to Desulfovibrio sp [47] . Reducing equivalents generated by cytosolic events, such as the oxidation of malate to oxaloacetate and pyruvate to acetyl-CoA and CO2, are probably NAD(P)H and reduced ferredoxin, respectively. Several soluble cytosolic confurcating hydrogenases (Sfum_0844-46) and formate dehydrogenases (Sfum_2703-07) probably catalyze hydrogen or formate production with the above reduced electron carriers in a mechanism proposed for hydrogen generation in Thermotoga maritima [48] . In this mechanism the energetically favorable production of hydrogen or formate with reduced ferredoxin presumably provides the energetic input to enable the energetically unfavorable formation of hydrogen from NADH. Strain MPOB T ferments 7 fumarate to 6 succinate and 4 CO 2 in pure culture, using the acetyl-CoA cleavage pathway to oxidize fumarate to CO 2 [22] . All genes encoding for the acetyl-CoA cleavage pathway are present in the genome. In this pathway, acetyl-CoA is cleaved into a methyl-group and CO, which are both oxidized further to CO 2 . During propionate conversion, the pathway may be used anaplerotically to form acetyl-CoA. The genes for the acetyl-CoA pathway are scattered through the genome.
Acetyl-CoA is converted by an acetylCoA synthase/COdh complex encoded by Sfum_2564 -2567 to CO 2 and a methyl-group. The methyl group is further oxidized via 5,10-methylene tetrahydrofolate reductase (Sfum_3130), methylene-tetrahydrofolate dehydrogenase (S_fum 2686), methenyl-tetrahydrofolate cyclohydrolase (Sfum_1186), formyl-tetrafolate syntethase (Sfum_2687) and formate dehydrogenase to CO 2 . During complete oxidation of 1 fumarate to 4 CO 2 , 6 reducing equivalents are released that are used to reduce 6 fumarate to 6 succinate.
Strain MPOB T is able to couple propionate oxidation to sulfate reduction [22] . The flow of electrons during respiratory sulfate reduction has not yet been fully described. As predicted, the genome encodes the full suite of genes necessary for dissimilatory sulfate reduction as well as several membrane complexes, which could deliver electrons from membrane electron carriers like menaquinol to cytosolic sulfate-reducing enzymes. Sulfate is first activated to adenosine-5 -phosphosulfate (APS) through the ATP dependent action of adenylylsulfate kinase. Two genes were detected that are predicted to code for adenylylsulfate kinase (Sfum_0774; 2338). Genes for APS reductase (Sfum_1047-48) were detected which likely encode the metabolic machinery necessary for the reduction of APS to sulfite and/or bisulfite. Sulfite and/or bisulfite are then reduced to sulfide by dissimilatory sulfite reductase. Alpha and beta subunits of the dissimilatory sulfite reductase were detected (Sfum_4042-43) as part of a predicted five-gene cluster along with genes that have high identity to dissimilatory sulfite reductase C (Sfum_4045). The gene organization of the alpha, beta and c-subunits of the whole cluster is different from other dissimilatory sulfate reducers [49] . Genes predicted to encode a membrane-bound dissimilatory sulfite reductase, dsrMKJOP, were detected (Sfum_1146-50) as were the three genes encoding a quinone-interacting membrane-bound oxidoreductase (Qmo) complex (Sfum_1285-87). Additionally, qmoAB genes were detected elsewhere on the chromosome as part of a larger multi-gene cluster (Sfum_1054-59) that contains genes predicted to code for a benzoylCoA reductase subunit A (Sfum_1051) and three additional hypothetical proteins of unknown function (Sfum_1052-54).
Other membrane complexes include a membranebound, ion-translocating ferredoxin:NADH oxidoreductase (Sfum_2694-99 gene product), which could drive the unfavorable formation of reduced ferredoxin from NADH by using the ion gradient, two NADH dehydrogenases (Sfum_0199-209 and Sfum_1935-43), and two pyrophosphatases (Sfum_2995 and Sfum_3037).
Regulation and signal transduction
The S. fumaroxidans genome contains genes with similarity to those coding for a prototypical bacterial RNA core polymerase (RpoA, RpoB, RpoC) along with 12 sigma factors to confer promoter specificity. These sigma factors include one general housekeeping sigma 70 factor (RpoD), seven sigma 24 type stress related factors, two additional sigma 70-like factors, one FliA/WhiG sigma 28 type factor, and one 54 factor (RpoN) similar to that used for general nitrogen control in Escherichia coli. The genome also contains 31 genes with similarity to those coding for sigma 54-interacting transcriptional regulators (18 with response regulator signaling domains and 7 with PAS signaling domains, and 3 with GAF signaling domains), suggesting a major role for the 54-factor in global control of S. fumaroxidans gene expression. Numerous two-component regulatory systems (27 histidine kinase-type sensor transmitters, 11 response regulatory proteins, and 25 receiver-only domain proteins) are present in the genome. Compared to other Gramnegative microbes, S. fumaroxidans has a moderate number of primary transcription factors containing a helix-turn-helix motif (~115 genes).
Motility and taxis
Unlike the thermophilic, syntrophic, propionateutilizing, Pelotomaculum thermopropionicum SI [5] from the Firmicutes, S. fumaroxidans lacks genes coding for flagellar structural proteins (i.e., basal body, motor, hook, and filament) along with the associated flagellar biogenesis, anti-28 factor (FlgM) and the E. coli type master switch proteins, FlhCD or CheR, CheV, and CheC proteins. However, S. fumaroxidans contains genes for a FliA/WhiG family RNA polymerase sigma factor, nine methylaccepting chemotaxis proteins (MCP) (three soluble and six membrane associated) with unknown roles in signal transduction plus one gene coding for each of the following signal processing proteins, CheA, CheW, CheY and CheD, and two cheB genes. Interestingly, genes for one PilQ type 4 secretion-like protein, two PilT-like retraction proteins, and PilM, PilY and PilO-like assembly proteins (one each) are predicted that may suggest alternative means of cell movement. Lastly, the absence of genes coding for pili-type nanowire proteins would suggest that direct interspecies electron transfer is unlikely [50] .
Host defense systems
To explore possibilities of developing a genetic system for S. fumaroxidans it is crucial to investigate the mechanisms that are present in the strain that protect against foreign DNA. The genome of strain MPOB T contains two possible restrictionmodification gene clusters. The first cluster consists of three genes, of which two encode the methylase and endonuclease of a Type-II restriction-modification system (Sfum_2532 and 2533, respectively) and shows high sequence identity with PstI and BsuBI restrictionmodification systems. The third gene (Sfum_2534) encodes a modification requiring endonuclease which shows high sequence identity with the E. coli mrr gene, a modification-requiring restriction enzyme. The second cluster contains, two genes encoding a putative Type-III restriction modification system (Sfum_2855 -2856) and three genes which do not seem to be part of the restrictionmodification system. Interestingly, this system shows similarity only with hypothetical restriction-modification system coding sequences (nt-nt BLAST of both genes (endonuclease Sfum_2855 and methylase Sfum_2856): Candidatus Desulforudis audaxviator MP104C, 72% coverage; Chlorobium limicola DSM 245, 72% coverage; Cellvibrio japonicus Ueda107, 43% coverage; Verminephrobacter eiseniae EF01-2, 67% coverage). Since the genes do not show high sequence identity with described systems, it is not possible to predict the specificity of the system. Additionally, the genome of strain MPOB T harbors genes encoding two CRISPR/Cas systems. The first system (Sfum_1345-1356) can be classified as a type I-E system associated with a 69-spacer CRISPR locus, the second (Sfum_2824-2831) as type III-A system and is associated with a CRISPR locus containing 79 spacers [51] . Taken together, strain MPOB T has multiple systems to protect itself against foreign DNA, making it a challenge to develop a genetic system for this strain.
